Rukov JL, Gravesen E, Mace ML, Hofman-Bang J, Vinther J, Andersen CB, Lewin E, Olgaard K. Effect of chronic uremia on the transcriptional profile of the calcified aorta analyzed by RNA sequencing. Am J Physiol Renal Physiol 310: F477-F491, 2016. First published January 6, 2016 doi:10.1152/ajprenal.00472.2015.-The development of vascular calcification (VC) in chronic uremia (CU) is a tightly regulated process controlled by factors promoting and inhibiting mineralization. Next-generation high-throughput RNA sequencing (RNA-seq) is a powerful and sensitive tool for quantitative gene expression profiling and the detection of differentially expressed genes. In the present study, we, for the first time, used RNA-seq to examine rat aorta transcriptomes from CU rats compared with control rats. Severe VC was induced in CU rats, which lead to extensive changes in the transcriptional profile. Among the 10,153 genes with an expression level of Ͼ1 reads/kilobase transcript/million mapped reads, 2,663 genes were differentially expressed with 47% upregulated genes and 53% downregulated genes in uremic rats. Significantly deregulated genes were enriched for ontologies related to the extracellular matrix, response to wounding, organic substance, and ossification. The individually affected genes were of relevance to osteogenic transformation, tissue calcification, and Wnt modulation. Downregulation of the Klotho gene in uremia is believed to be involved in the development of VC, but it is debated whether the effect is caused by circulating Klotho only or if Klotho is produced locally in the vasculature. We found that Klotho was neither expressed in the normal aorta nor calcified aorta by RNA-seq. In conclusion, we demonstrated extensive changes in the transcriptional profile of the uremic calcified aorta, which were consistent with a shift in phenotype from vascular tissue toward an osteochondrocytic transcriptome profile. Moreover, neither the normal vasculature nor calcified vasculature in CU expresses Klotho.
CARDIOVASCULAR DISEASE is the main cause of morbidity and mortality in patients with chronic kidney disease (CKD). Vascular calcification (VC), which was previously considered to be a passive and degenerative process, is now recognized as a cell-mediated regulated process (42, 51) . VC is histologically classified into tunica intima calcification, related to atherosclerosis, and into tunica media calcification. Media calcification is predominantly observed in systemic metabolic disorders such as CKD and diabetes mellitus and as part of the aging process (7) .
Cells with multilineage potential in the arterial wall (pericytes, smooth muscle cells, and adventitial myofibroblasts) may all contribute to the development of vascular calcifying diseases (7, 53, 56) . Furthermore, a role of stem/progenitor cells, which are either resident in the vessel wall or circulating cells derived from the bone marrow, has been proposed (7, 23, 59) .
The uremic environment causes extreme calcification stress. Calcification of the lamina media is predominant in CKD. In response to injury, contractile vascular smooth muscle cells (VSMCs) present in the lamina media become proliferative and synthesize factors generating vessel repair (41) . In the context of chronic uremia, VSMCs undergo maladaptive osteochondrocytic differentiation (51) .The key factors driving this phenotypic transition in CKD include elevated extracellular phosphate, which is taken up by VSMCs via sodium-dependent phosphate transporters (Pit-1 and Pit-2), uremic toxins, oxidative stress, and aldosterone (5, 7, 51) .
Uremia is in addition to the predominant media calcification also characterized by atherosclerosis and intima calcification. Inflammation and atypical cell differentiation are hallmarks of the atherosclerotic lesion. Bone morphogenetic protein (BMP)-2 and BMP-4 have been proposed as mediators of endothelial inflammation (7, 13) . Endothelial cells can acquire mesenchymal myofibroblast-like characteristics through an endothelial-to-mesenchymal transition (38) .
Uremic serum can induce the osteogenic phenotype in mesenchymal stem cells (23) .
Recently, based on the observation that the injured kidney produces circulating signals that directly affect the skeleton and vasculature, it has been proposed that uremia induces major regulatory disturbances in these organs (14) . These signals may derive from recapitulation of the developmental program of nephrogenesis, reactivation of the Wnt pathway, and production of Wnt inhibitors (10, 14) . Theoretically, the uremic calcified vasculature may release factors that change the physiological impact of these pathways in extravascular tissues, including the skeleton and kidneys (49) .
Evidence is emerging that CKD is a state of premature aging. For instance, prelamin A accumulates in calcified arteries of children on dialysis, supporting the notion that DNA damage may be a key driver of VC in CKD (51) as well as in aging.
Additional support for the concept of uremia being a condition of premature aging came from analysis of the phenotype of Klotho knockout mice and from the observation that uremia is a state of Klotho deficiency (15) . Klotho-deficient mice develop accelerated aging features and a severe vascular phenotype of calcification, arteriosclerosis, impaired endothelial function, and impaired angiogenesis. The Klotho gene is mainly expressed in the kidney, and soluble Klotho is found in serum and urine (16, 30) . Several pleiotropic functions have been attributed to Klotho, including protection of the vasculature through inhibition of the high phosphate-induced VSMC calcification by inhibition of Pit-1 and Pit-2 or Wnt antagonism (17) . Whether vascular cells express endogenous Klotho (29, 30, 48) is currently a matter of debate (27) . Thus, it has been shown that Klotho affects VC; what is not clear is whether this effect is due to vascular membrane Klotho or due to circulating Klotho. Therefore, it is essential, with the best possible method, to examine if Klotho is expressed in the vasculature and, if so, whether the expression profile is changed in the uremic state.
In the present study, we used high-throughput RNA sequencing (RNA-seq) for a comprehensive identification of transcriptomes from aortas of normal rats and calcified aortas of uremic rats. RNA-seq technology has emerged as a powerful tool, which has improved the efficiency of gene expression profiling (36, 45, 60) . RNA-seq is based on massive parallel sequencing and mapping of millions of DNA fragments derived from expressed mRNAs and provides information on the expression levels of any gene expressed in the cells or tissue samples examined. This method is sensitive in detecting rare Nuclear factor of activated T cells, cytoplasmic, calcineurin-dependent 1 transcripts and does not depend on the use of a specific primer or antibody (27) . Our hypothesis was that application of RNA-seq to RNA isolated from the calcified vessels in uremia could provide a more precise identification of the genes that were significantly altered in the uremic calcified aorta compared with previous approaches. Special focus was on genes related to the extracellular matrix (ECM), ossification, and Klotho. We analyzed gene expression levels in the uremic calcified vasculature and aortas from normal rats and found a large set of genes that were differentially expressed between animals with and without VC. The major shift in expression profile indicated that a dramatic change of phenotype occurred during uremic VC development. The results of this study might provide new insights into the underlying pathogenic mechanisms of uremic VC and may further guide future studies on the possible treatment or reversibility of uremic VC.
METHODS

Animals.
Inbred adult male dark agouti (DA) rats weighing 250 g (Taconic, Ejby, Denmark) were used and housed in a temperaturecontrolled environment with a 12:12-h light-dark cycle with food and water ad libitum.
Induction of uremia and VC. Uremia was induced by one-step 5/6 nephrectomy (n ϭ 11), as previously described by our laboratory (26) . Rats were anesthetized with hypnorm-midazolam (Panum Institute, Copenhagen, Denmark) and given carprofen (Rimadyl, Pfizer, Copenhagen, Denmark) subcutaneously as pain relief for the following 3 days. After 1 wk of postoperative recovery, uremic rats were given a high-phosphate diet (0.9% calcium, 1.2% phosphate, and 600 IU vitamin D per kilogram of diet, Altromin Spezialfutter) to induce severe uremic CKD-mineral and bone disorders (26, 28) . After 8 wk of uremia, rats were treated with vitamin D (alfacalcidol, Leo Pharmaceutical, Copenhagen, Denmark) at 30 ng intraperitoneally three times weekly. Uremic rats were then euthanized after 6 wk of vitamin D treatment and a total of 14 wk of uremia.
The well-described experimental remnant kidney model of chronic uremia with VC (39) requires both reduced kidney function and also a high-phosphate diet in addition to vitamin D. Therefore, an extra control group of normal rats given vitamin D was added (controlϩD) to examine the specific effect of vitamin D in our model.
Control groups. DA rats were kept in parallel with uremic rats and fed a standard diet (0.9% calcium, 0.7% phosphate, and 600 IU vitamin D per kilogram of diet, Altromin Spezialfutter). The controlϩD group (n ϭ 4) was treated with alfacalcidol (30 ng ip) three times weekly in parallel with uremic rats, whereas another control group (control; n ϭ 8) was left untreated until euthanization after 14 wk. At death, rats were anesthetized with pentobarbital (50 g/kg ip, Nycomed-DAK, Copenhagen, Denmark), and eye blood was drawn. The aorta was dissected free from the level of the renal arteries and up to the heart, and connective tissue and blood were removed by gentle manipulation and a rinse with sterile saline. The aorta was instantly snap frozen in liquid nitrogen to minimize RNA degradation.
Biochemical measurements. Uremia and the associated mineral metabolism disturbances were evaluated by measurements of plasma creatinine, urea, phosphate, total calcium, ionized calcium, parathyroid hormone (PTH), and fibroblast growth factor (FGF)23. Plasma phosphate, urea, creatinine, and total calcium were analyzed by Vitros 250 (Ortho-Clinical Diagnostics, Raritan, NJ), and ionized calcium was analyzed by ABL505 (Radiometer, Copenhagen, Denmark). Plasma intact FGF23 was measured by an intact FGF23 ELISA (Kainos Laboratories, Tokyo, Japan), which measured only full-length FGF23, with an intra-assay coefficient of variation of 2.5% and an interassay coefficient of variation of 5% in our laboratory (33) . Plasma PTH was measured by a rat bioactive intact PTH ELISA (Immunotopics, San Clemente, CA), with an intra-assay variation of 4% and an interassay variation of 9% (18) .
Histological evaluation. Tissue sections from the abdominal aorta were obtained just above the renal arteries and from the aortic root and were examined by hematoxylin and eosin (H&E) and von Kossa staining. Calcifications examined by von Kossa were quantified on a scale from 1 to 6 by a simple scoring system. The circumferential involvement was scored from 1 to 3 (where 1 ϭ 0 -33%, 2 ϭ 34 -66%, and 3 ϭ 67-100%), and the extent of calcification compared with the thickness of the vessel wall was scored as 1 or 2 (where 1 ϭ Ͻ50% and 2 ϭ Ͼ50%). The total score was calculated as the product of the two scores.
RNA isolation and real-time RT-PCR. Quantitative RT-PCR was performed on a total of 22 target genes and 3 housekeeping genes (58) as previously described (12) . The 22 genes were selected among those expected to be involved the osteochondrocytic transition. The genes covered a range from strong upregulated to strong downregulated RNA-seq libraries. RNA was extracted from rat aortas followed by isolation of polyadenylated RNA to enrich for mRNA and removal of rRNA. During the subsequent cDNA synthesis and PCR amplification, amplicons were fitted with adapter sequences, allowing for sequencing on an Illumina HiSeq platform. Reads were mapped to the rat genome, and gene expression levels were calculated as reads per kilobase of exon per million mapped reads (RPKM). The data provided a detailed profile of gene expression in the different samples and identified genes differentially expressed between uremic and control rats. RNA-seq was performed on RNA extracted from the aortas of five control, four controlϩD, and five uremic rats (Fig. 1 ). Purified total RNA was treated with the Qiagen RNase-free DNase set followed by purification on miRNeasy columns (Qiagen, Germantown, MD). Two rounds of enrichment of polyadenylated RNA were then performed using the Poly(A)Purist MAG kit (Ambion, Fisher Scientific, MA) followed by RNA purification on RNAClean XP beads (Agencourt, Beckman Coulter). The RNA sample was then fragmented on ice by adding fragmentation buffer to a final concentration of 50 mM Tris·HCl (pH 8) and 5 mM MgCl 2 followed by incubation at 95°C for 3 min and 20 s. The sample was then immediately placed back on ice, and EDTA was added at 10 nM to stabilize RNA. Fragmented RNA was purified on RNAClean XP beads (Agencourt) and eluted in 13 l diethylpyrocarbonate-treated H 2O. cDNA synthesis and ligation of an adapter to the 3=-end of the cDNA was performed (21) . The first-strand synthesis and adapter ligation steps result in a cDNA pool containing adapters both at the 5=-and 3=-ends, which can be used for subsequent PCR and Illumina sequencing. Three microliters of PCR_forward (10 M) primer (5=-AAT-GATACGGCGACCACCGAGATCTACACTCTTTCCCTACAC-GACGCT-3=), 10 l Phusion 5 ϫ HF buffer, 1 l of 10 mM dNTPs, 26.5 l H 2O, 1 l Phusion DNA polymerase, 2.5 l indexing primer (10 M, 5=-CAAGCAGAAGACGGCATACGAGATNNNNN-NGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT-3=; with NNNNNN indicating the index sequence), and 6 l purified linker ligated cDNA were mixed and run with the following PCR program: 98°C for 3 min, (98°C for 80 s, 64°C for 15 s, and 72°C for 30 s) ϫ 4, (98°C for 80 s and 72°C for 45 s) ϫ 10, 72°C for 5 min, and hold at 4°C. The resulting sequencing libraries were quantified on a Bioanalyzer 2100 (Agilent Technologies) using a DNA1000 chip (Agilent) for smear analysis and molarity calculation. Samples were mixed in equimolar amounts, and PCR amplicons in the 200-to 600-bp size range were extracted from a 2% E-Gel SizeSelect Agarose Gel in an E-Gel Electrophoresis System (Life Technologies, Paisley, UK). The eluate was purified using Agencourt Ampure XP beads (Beckman Coulter). The final sample was again run on a DNA1000 chip (Agilent) in a Bioanalyzer 2100 for smear analysis. Finally, single-read sequencing (with a read length of 50 nt) was performed on an Illumina HiSeq2000 sequencing system (Illumina, San Diego, CA). All sequencing was performed at the Danish National DNA Sequencing Centre, University of Copenhagen.
RNA-seq mapping and differential expression analysis.
The adapter sequence was removed from sequencing reads using cutadapt (version 1.3) (34), which required a read length of at least 25 nt after removal. Two tools from the FASTX Toolkit (44) were used. First, three positions were trimmed off the 5=-end of all reads to remove possible untemplated products of the first-strand reaction using the FASTQ Trimmer tool. Reads with Ͼ10% of positions having a quality score of Ͻ25 were then discarded using the FASTQ Quality Filter. The remaining reads were mapped to the rat genome (assembly rn5) using Tophat (version 2.0.10) (22) with library type set to fr-secondstrand, segment length set to 20 nt, and allowed segment mismatches set to 1. Ref-Seq gene annotations (46) were used to guide mapping (-G parameter). Reads mapping to rRNA, tRNA, and chrM were discarded from the analysis. Analysis of differential gene expression was performed using Cuffdiff as implemented in Cufflinks (version 2.1.1) (57) and Ref-Seq gene annotations. No effective length correction was performed, whereas a multiread correction was applied. The false discovery rate was set to 0.05, and P values of Յ0.05 were considered significant in downstream analysis.
Gene Ontology and KEGG pathway analysis. Gene Ontology (2) cluster analysis was performed using DAVID Bioinformatics Resources (version 6.7) (19) . Representative ontologies from each cluster are shown. Pathways using annotations present in the KEGG database (20) and enrichment analysis was done with DAVID Bioinformatics Resources (version 6.7). Input in both analyses were genes that changed significantly between control and uremic states with an effect size of log2 ratio Ͼ 1 or log2 ratio Ͻ Ϫ1, and the default DAVID rat gene set was used as the background. Thus, the same genes were used in the two analyses.
Ethics. The experiments were performed in accordance with the Danish National Institute for Health's Guidelines for the Care and Use of Laboratory Animals, and the study was approved by the Animal Experiments Inspectorate in Denmark (Reference no. 2012-DY-2934-00023).
Statistics. One-way ANOVA followed by Tukey's multiple-comparison tests was used to compare means between the three groups. P values of Ͻ0.05 were considered significant. Fisher's exact test was used to test for overrepresentation of genes that shifted significantly in expression between several groups.
RESULTS
Induction of VC.
Uremic rats had significantly elevated plasma levels of creatinine and urea, as shown in Table 2 . Uremic rats and alfacalcidol-treated normal rats (controlϩD) had significantly increased and similar levels of plasma ionized calcium, total calcium, and phosphate and suppressed PTH compared with normal control rats. Plasma intact FGF23 levels were severely enhanced in both uremic and controlϩD groups ( Table 2 ). Aortic calcifications were consistently induced in all uremic rats in both the abdominal aorta and aortic root (Fig. 2) . Uremic rats had a high calcification score of 4.8 Ϯ 0.5 in the abdominal aorta and 5.0 Ϯ 0.5 in the aortic root, whereas controlϩD rats only had mild signs of calcification with a patchy distribution and a score of 0.5 and 1 in only one rat. No control rats had any signs of aortic calcifications.
RNA-seq on the calcified aorta from uremic rats. An average of 10.1 million reads was obtained per sample, 85% of which mapped to the rat genome. In total, expression levels of 17,019 genes were analyzed. Cufflinks analysis identified a total of 13,269 genes with a RPKM value of Ͼ0 and 10,153 genes with an expression level of of Ͼ1 RPKM (Fig. 3) . The reads were distributed as follows: 0.5% of the genes had a RPKM value of Ͼ1,000, 8.4% of the genes had a RPKM value of Ͼ100, and 56.7% of the genes had a RPKM value of Ͼ10.
Two independent sequencing libraries were built from the same uremic aorta data and analyzed as a technical control of the reproducibility of the detected expression levels. Identical expression levels were found [Pearson correlation coefficient (R) ϭ 0.99; Fig. 4A ], indicating a very low level of technical variation introduced in the experimental pipeline.
To compare the findings in the uremic aorta with those of the control aortas and of the aortas obtained from control rats given vitamin D, the calculated expression levels for each group were plotted against one another and correlation coefficients between groups were determined (Fig. 4, B-D) . The highest correlation was found between control and controlϩD samples (R ϭ 0.97). The greatest change in expression levels was between the uremic and control groups (R ϭ 0.59), whereas a slightly higher correlation was found between the uremic and controlϩD groups (R ϭ 0.68). Of the 10,153 genes with an expression level of Ͼ1 RPKM, 26% varied significantly between uremic aortas and the two control groups; 1,905 genes were differentially expressed between uremic and control groups (false discovery rate: 0.05), 1,631 genes were differentially expressed between the uremic and controlϩD groups, and 885 genes were differentially expressed between the control and controlϩD groups.
Based on the number of differentially expressed genes, uremia had the greatest impact on gene expressions, as also indicated in the expression level plots (Fig. 4 and Tables 3-5). The higher levels of similarity between control and controlϩD rats compared with uremic rats was further supported by the clustering of the 14 analyzed samples in a heat map of gene expression levels (Fig. 5A) . Based on both the number of genes that changed between conditions and the size of effect of these changes (Fig. 5B) , uremic rats differed significantly more (P Ͻ 0.01) than controlϩD rats from control rats despite similar levels of plasma ionized calcium and phosphate (Table 2 ).
In general, deregulated genes were differentially expressed between more than two of the experimental groups (Fig. 5C) . Thus, 1,049 of 1,905 (55%) of the genes that varied between uremic and control groups also varied between uremic and controlϩD groups (Fig. 5) , and, conversely, 1,049 of 1,631 (64%) of the genes that varied between the controlϩD and control groups also varied between the uremic and control groups. This constitutes a very strong overrepresentation of genes that varied in the uremic group versus the two control groups compared with random (P Ͻ 2.2e
Ϫ16 by Fisher;s exact test). Two hundred twenty genes (1%) differed significantly between all three groups. Again, this is more than expected by random (P Ͻ 2.2e Ϫ16 ). Half (1,320 of 2,663 genes) of all significantly changing genes had intermediate values in the controlϩD group relative to the control and uremic groups (Fig. 5D) , significantly more than what could be expected by random. Three hundred thirty-six genes (13%) changed more in the controlϩD group than in the uremic group, but, in many cases, the shift in fact did go in the opposite direction when uremia was induced (values of Ͻ0 in Fig. 5D ). Thus, a group of genes was significantly affected by vitamin D, but the effect was altered by uremia.
Gene ontology related to the calcified and normal aorta. The genes that strongly varied significantly between uremic and control aortas (at least 2-fold change in either direction) were grouped according to their gene ontologies. A Gene Ontology Fig. 4 . Plots of expression levels of genes expressed in aortas from uremic rats, normal control rats, and controlϩD rats. Plots of expression levels for genes in the different groups as obtained by Cuffdiff analysis of the Tophat mapped RNA-seq reads are shown. A: technical replicate based on expression levels generated from two independent sequencing libraries from the same uremic aorta demonstrating the low level of technical variation introduced in the experimental pipeline (Pearson' Cluster Analysis (Table 6) showed that significantly deregulated genes were enriched for ontologies related to the ECM, response to wounding, response to organic substance, carbohydrate binding, and ossification (Fig. 6 ). The same set of genes was subjected to a pathway analysis (Table 7) , where the pathways that were disturbed in uremia involved ECM proteins (e.g., ECM-receptor interaction) and the Jak/STAT and MAPK signal transduction pathways.
Individually affected genes as presented by RNA-seq. The top 25 genes expressed in aortas from uremic rats are shown in Table 3 . The gene with the highest expression level was matrix ␥-carboxyglutamate protein (Mgp), which increased sevenfold compared with the control. Seven genes within the top 25 were significantly upregulated compared with both control groups. These included genes for the inhibition of mineralization, osteopontin [secreted phosphoprotein 1 (Spp1) and Mgp], fibronectin (Fn1; a regulator of osteoblastic differentiation), and the antioxidant glutathione peroxidase 3 (Gpx3).
The top 25 upregulated genes in the uremic aorta are shown in Table 4 . Many of the upregulated genes are of relevance to osteogenic transformation, tissue calcification, and Wnt modulation [e.g., Fn1, Spp1, cartilage oligomeric matrix protein (Comp), periostin (Postn), Mgp, latent transforming growth factor (TGF)-␤ binding protein 2 (Ltbp2), Ankh, and sclerostin (Sost)]. Among other genes of relevance for tissue calcification, but not among the top 25 upregulated genes, solute carrier (Slc)20a1, which encodes Pit-1, significantly increased in uremia (RPKM: 32 to 60, P Ͻ 0.001). Similarly, and not shown in Table 4 , is the expression of secreted frizzled-related protein 4 (Sfrp4), an important modulator of Wnt signaling, which increased from a RPKM value of 17 to 39 in uremia (P Ͻ 0.001). Expression of Bmp4 was significantly increased in uremia (RPKM: from 40 to 80, P Ͻ 0.001). Similarly, TGF-␤ receptor 1 (TGFBR1) gene expression significantly increased (RPKM: 18 to 31, P Ͻ 0.001). The smooth muscle cell markers smooth muscle aortic ␣-actin (Acta2), smooth muscle myosin (Myh11 ; Table 3 ), and caldesmon (Cald1; RPKM: 1191 to 1044, not significant) did not change expression levels in uremic aortas, whereas calponin 1 had decreased levels (RPKM: 1,093 to 547; P Ͻ 0.001).
When uremic with controlϩD groups were compared, all osteogenic markers were consistently less upregulated in the controlϩD group, and when the controlϩD group was compared with the control group, only four of these genes (Spp1, Sost, Fn1, and Postn) were significantly deregulated and all markedly less upregulated than when the uremic group was compared with the control and controlϩD groups. Cytochrome P-450 (Cyp)2e1 was the most upregulated gene by uremia, increasing 71-fold compared with the control group and 32-fold compared with the controlϩD group.
The present data clearly showed that the Klotho gene is not expressed in the rat aorta. When the reads mapping to the Klotho gene were analyzed, expression of Klotho was only detected at negligible levels in the RNA-seq experiments in both normal and calcified aortas from uremic rats. Importantly, the pattern of mapping revealed that the majority of these few reads were not at all corresponding to exons. Figure 7 shows the positions of all reads from the control rat aorta mapping to Table 5 . The most down-regulated gene was activating transcription factor 3 (Atf3), which decreaed Ͼ10-fold. The smooth muscle cell marker elastin (Eln) was the gene with the highest absolute decrease, and, at the same time, cathepsin S (Ctss), which mediates Eln degradation, was strongly increased (RPKM: from 19 to 66, P Ͻ 0.001) in uremia. In addition, the Wnt modulator Sfrp2 and Twisted gastrulation protein homolog 1 (Twsg1), which are both BMP signaling modulator genes, were strongly downregulated in uremic aortas (P Ͻ 0.001; data not shown), whereas extracellular antagonists to BMP, follistatin (RPKM: 4 to 12, P Ͻ 0.001) and Gremlin1 (RPKM: 1 to 5, P Ͻ 0.001), were significantly upregulated.
RNA-seq and quantitative RT-PCR. Overall, there was a high correlation between the expression levels detected with RNA-seq and quantitative PCR (Fig. 8) . Except for integrinbinding sialoprotein IBSP, all genes with a threshold cycle (C t ) of Ͼ30 had a RPKM value of Ͻ1, indicating very low expression of these genes. Of the 22 target genes examined, 6 genes had a C t value of Ͼ30 cycles and were not detected (Klotho, Bmp7, and Fgf23) or only detected at very low levels by RNA-seq (Fig. 8) . The shift in gene expression seen in RNA-seq was confirmed by RT-PCR, both regarding the direction of change (12 of 16 genes) and, to a large extent, the degree of change (Fig. 9) . In three of the four inconsistent genes, the shift in gene expression did not reach significance in either of the methods. In the last gene, namely, Eln, there was great dispersion of the PCR results, which could explain the divergence.
DISCUSSION
The present study describes, for the first time, the transcriptome-wide differential expression profiling in normal and calcified rat aorta models using RNA-seq. Uremic rats had severe aortic calcifications compared with controlϩD rats, which had a very low calcification score, and control rats, which had no signs of calcification.
Major changes were found in the transcriptional profiles between the three groups, with 2,665 genes showing significant differences in expression levels. Expression profiles for control and controlϩD groups shared a high level of similarity compared with the uremic group, underlining a dramatic impact of uremia on the calcified aorta transcriptome.
Interestingly, the most enriched Gene Ontology clusters were related to ECM remodeling and bone formation. Similarly, the pathways most perturbed by uremia, according to the number of deregulated genes, showed a strong tendency to involve ECM remodelling, e.g., ECM-receptor interactions and cell adhesion molecules. Although little is known about the function of many of the proteins that are encoded by a number of the genes involved in matrix mineralization and VC, genes like Mgp and Postn, which were among the most upregulated genes in the uremic aorta, are known for their crucial impact on bone formation and mineralization. These findings represent evidence for an implication of ECM genes, although the relationship to matrix mineralization in VC still is unknown (1, 32). Mgp was the gene with highest expression level in the uremic group, and it increased sevenfold compared with the control. High Mgp mRNA expression and protein (Mgp) accumulation in the calcified arterial wall have been previously found (52) . Mgp is a strong inhibitor of VC, with extensive arterial calcifications observed in Mgp-null mice, and therefore the massive increase in expression level is most likely a defensive mechanism (32) . It has, however, also been shown that Mgp is a BMP-2 regulatory protein, and while low levels of Mgp inhibit, high levels strongly enhance the osteoinductive effect of BMP-2 (62). Regulation of BMP-4 by Mgp via a mechanism involving activin kinase receptor (ALK)-1 has similarly been proposed, and a reciprocal regulation with ALK-1 inducing Mgp promotor activity in vascular endothelial cells has also previously been demonstrated (61) . Expression of Postn has not been previously shown in the calcified vasculature, but it has been found to be upregulated after balloon catheter damage to arteries (31) . Strongly upregulated Ltbp2 is also an ECM protein principally expressed by all cells of mesenchymal origin. Its function is largely unknown, but it has been found to surround chondrocytes (63) , and Ltbp2 might have a negative regulatory impact on the assembly of elastic fibers (54) .
Further classification of differentially expressed genes by their gene ontologies pointed toward a shift in phenotype in the calcifying cells of the uremic aorta toward an osteoblast or chondroblast-like cell type. A number of the most upregulated genes, Spp1, Comp, and Fn1, are chondroosteoblastic lineage markers, and increased expression has been previously shown in the calcified vasculature. Increased Fn1 expression has been found in the aorta in an animal model of transplant arteriosclerosis (47) and might induce VSMC calcification and osteoblastic differentiation via the ERK pathway (8) . Spp1 and Comp have been demonstrated in the calcified human vasculature (3). However, surprisingly, when we examined the expression of smooth muscle cell markers in the present investigation, several genes, including Acta2, Myh11, and Cald1, did not change expression levels in uremic aortas, and only a few, such as calponin 1, had decreased levels. Previously, in an in vitro setting, Alves et al. (1) compared the expression of VSMCs and osteoblasts in site-by-site experiments. They found no overlap in the transcriptional program of calcifying VSMCs 
Uremic
Relative expression values Fig. 5 . Analysis of expression levels of genes in aortas from uremic rats, normal control rats, and controlϩD rats. A: heat map of RPKM values of genes that shifted significantly (P Ͻ 0.05) between at least two conditions. Except for controlϩD sample 4, which was embedded among the control samples, all samples clustered together in the three groups. Control and controlϩD aortas showed higher levels of similarity, whereas uremic aortas differed from the two other groups. B: cumulative frequency plot comparing the effect of vitamin D treatment in normal and uremic rats. Genes with RPKM Ͼ 1 were grouped depending on whether they changed significantly (sign) or did not change significantly (non-sign) between either control and controlϩD or control and uremic conditions. For each gene, log2 ratios of RPKM values in the two states can be used as a measure of the expressional change between the two states. The absolute values of the log2 ratios then indicate the effect size, not distinguishing between upregulation and downregulation. For all comparisons, the absolute values of the log2 ratios were calculated and their cumulative frequencies were plotted. For both significant and nonsignificant changes, the effect on gene expression was, as a whole, more pronounced in uremic rats than in controlϩD rats. C: Venn diagram of significantly changed genes. For genes that changed between at least two groups, overlaps in which genes varied between the groups were identified. Most genes that shifted significantly in expression tended to do so between more than two groups (1,538 of 2,663 genes). The greatest number of significant changes was seen between the control and uremic groups (1,905 genes). The majority of genes with expressional changes between control and uremia also did change between the controlϩD and uremic groups. Only 176 genes changed between control and controlϩD groups but not compared with the uremic group. D: controlϩD expression levels relative to control and uremic expression levels. For all significantly changed genes, control RPKM values were transformed to 0, uremic RPKM values were transformed to 1, and the expression values of controlϩD genes relative to the transformed control and uremic values were calculated. The plot, for instance, gave an indication of whether genes in the controlϩD group changed in the same direction (values Ͼ 0) or opposite direction (values Ͻ 0) than in uremia. Similarly, values of Ͼ1 indicate that the difference between the controlϩD and control group is larger than the difference between the uremic and control groups. Each line in the plot represents one percentile, corresponding to 27 genes. and osteoblasts and further demonstrated that VSMC calcifications did not depend on the downregulation of smooth muscle cell contractile markers. The present in vivo models further support the hypothesis that calcifying VSMCs use the same mechanisms as osteoblasts to mineralize, while still keeping their own identity, and thereby opening up for potential reversibility of VC.
One possibility is that osteogenic progenitor cells invade the calcified aorta, but this can unfortunately not be addressed in our model, due to lack of a uniform phenotyping definition (59) . Some markers of circulating osteogenic cells, such as CD44 and platelet-derived growth factor receptor-␣ (data not shown) were, however, present with a significantly increased expression in the uremic aorta.
A number of the differentially expressed genes are not ECM or bone markers but have been linked to vasculopathy. The gene most affected by uremia was Cyp2e1. A change in the expression of Cyp2e1 has not been previously reported in uremia but has been shown to be the most upregulated gene in the aorta from diabetic rats (50) . The Cyp2e1-induced decrease in 20-HETE production could contribute to decreased vascular contractility, a phenomenon that also might contribute to uremic VC. Ankh is a transmembrane protein that increases efflux of the calcification inhibitor pyrophosphate, and loss of function mutations in the Ankh gene result in ectopic calcification (11) . The adipokine resistin has been proposed to play a role in endothelial dysfunction and has a proliferative effect on VSMCs through the ERK-pathway and induces expression of Vcam1 (40) . Vcam1, which participates in the initiation of atherosclerosis, was strongly upregulated in uremic aortas in the present study (6) .
The recent concept of disruption in the system biology in CKD by Fang et al. (10) and Hruska et al. (14) is based on observations that injured kidneys produce circulating signals that directly affect the vasculature and skeleton. Kidney injury leads to increased levels of Wnt inhibitors, dickkopf WNT signaling pathway inhibitor 1, and Sclerostin in the systemic circulation, affecting bone remodelling and vascular function. In the present study, expression of Sost was highly increased in the calcified aortas, and it might in CKD potentially contribute to increased circulating Sclerostin.
Based on the present results, our hypothesis is that the vasculature, as a result of VC in uremia, may release factors that change the physiological role of Wnt in extravascular tissues, including in the skeleton and kidneys (49) . It remains to be established whether the calcifying vasculature contributes to the disruption in system biology in uremia.
A second renal repair factor, which circulates in elevated levels in CKD, is activin A. Inhibition of activin signaling blocks vascular calcification and renal fibrosis in CKD (14) . In the present study, Inhba, which codes for the ␤ A subunit (activin A is a dimer composed of two ␤ A subunits) was significantly increased in uremic aortas (data not shown). Furthermore, expression of the TGFBR1 gene, which codes for an alternative type 1 receptor downstream the activin type 2A receptor, was increased and thus contributes to the proposed importance of activin signaling in VC. Gene expressions of the related pathway of BMPs were also deregulated in uremic rats with increased expression levels of BMP4 and of BMP's extracellular antagonists, Sost, follistatin, Gremlin, and BMP receptor 2, whereas a strong downregulation of Twsg1 was shown, which further underlines the potential importance of activin/BMP signaling in VC (9) .
JunD knockout mice display a vascular phenotype resembling accelerated endothelial aging with an impairment of endothelium-dependent vasorelaxation, disruption of mitochondrial function, and increased oxidative stress (43) . Expression of JunD was significantly decreased in uremic aortas, supporting the concept of uremia being a state of premature aging. JunD protooncogene expression has not been previously demonstrated in the uremic calcified vasculature, but recently an age-dependent downregulation of JunD has been shown in the endothelium (43) .
Klotho is an evolutionarily highly conserved protein involved in longevity, and overexpression of Klotho extends the lifespan of mice (25) . Furthermore, Klotho regulates the signaling of cytokines and growth factors of importance for vascular function, endothelial integrity, and resistance to oxidative stress, such as IGF-I, TGF-␤, and nitric oxide (4, 15, 25, 55) . It is important to determine if a deficiency of Klotho in patients with uremia also contributes to reduced longevity and the many complications, including VCs, increased rate of cardiovascular morbidity, and death. Klotho protein is present in membrane-bound and soluble forms, with the latter generated by shedding of the extracellular domain of membrane Klotho (24) . The present results clearly established that the Klotho gene is not expressed in the rat aorta. Some studies have indicated the presence of Klotho mRNA and protein in VSMCs with either decreased or increased expression in uremia, and some have found that Klotho was induced in the adventitia of the uremic rat aorta (17, 29, 37, 48) , whereas other investigations found no signs of Klotho being expressed in the aorta (35) . The RT-PCR method used for the detection of Klotho mRNA might be too sensitive for the relevant demonstration of Klotho, as shown in the results of the present study, and factors related to poor specificity and sensitivity of the available Klotho antibodies for protein detection may all critically account for the discrepant findings in the actual literature, as recently discussed by our group (27) . Thus, Klotho is not acting in a paracrine/autocrine mode being directly involved in the uremic vasculopathy or being indirectly involved as a coreceptor for FGF23. Increasing evidence points toward the kidneys being the only source of circulating Klotho (16, 30) . The present results exclude the vasculature as an additional source and hereby support that notion. The vasoprotective effects of Klotho might therefore probably be exerted by circulating soluble kidney-derived Klotho, and the decrease in the kidney Klotho levels in uremia might, as such, potentially contribute to the aging vascular phenotype in CKD. As with the analysis of all genes (Fig. 5) , most genes in the categories changed in uremic aortas with large overlaps in which genes changed in the comparisons between conditions. Right: GO categories showing controlϩD expression levels relative to control and uremic expression levels. For all significantly changed genes, control RPKM values were transformed to 0, uremic RPKM values were transformed to 1, and the expression values of controlϩD genes relative to the transformed control and uremic values were calculated. Many genes had intermediate expression levels in controlϩD aorta relative to control and uremic aortas.
In conclusion, this is the first application of RNA-seq used to study the changes that occur in the transcriptional profile of the aorta when connected with VC in uremia. It has been demonstrated that a large set of genes are differentially expressed between animals with and without VC. The dramatic change in phenotype that occurs during the development of uremic VCs is connected to a major shift in expression profiles of genes related to ECM regulation, osteogenic transformation, and Wnt modulation. It is hypothesized that the vasculature, as a result of calcification in uremia, may release factors that change the physiological roles of Wnt in extravascular tissues, including the skeleton. The present results clearly demonstrate that the Klotho gene is not expressed in the rat aorta, in either in the uremic or normal aorta.
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